In this definition, the accumulation of the damage per pass of vehicle j is assumed to be the same. In other words, the damage per pass of vehicle j is assumed to be linear with the number of repetitions of the vehicle, even though there is evidence that indicates this is not necessarily true (8) . Two common failure criteria considering the critical state of the tensile strain at the bottom of asphalt layer (ε t ) and the vertical permanent strain at the top of subgrade (ε c ) were chosen in flexible pavement design as Equations 2 and 3 (2) . 
where f 1 , f 2 , f 3 , f 4 , and f 5 are regression parameters and E 1 is the elastic modulus of the asphalt layer. By assuming both strains proportional to axle loads, EALFs based on the two-failure criteria can be expressed in the same formula, Equation 4 .
where L j is the magnitude of the axle load of vehicle j in kilonewtons and n is the power term, f 2 or f 5 , which is identified as 4 by AASHTO and the corresponding formula known as the fourth-power law. Deacon et al. studied the influence of the subgrade modulus and the surface modulus on the EALF based on fatigue distresses in flexible pavements (1) . Their results showed that the EALFs were only slightly affected by the subgrade moduli but significantly influenced by the surface moduli.
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The load equivalency method is widely used to consider the effect of traffic loading on pavement design, and the equivalent axle load factor (EALF) for paved roads has been studied often. For unpaved roads, however, EALF is not well understood because it is not necessarily the same as it is for paved roads. In this study, cyclic plate load tests were conducted on unpaved road sections (six base-over-subgrade sections and four subgrade-only sections) constructed in a geotechnical box (2 m 3 2.2 m 3 2 m) to investigate the load equivalency for unpaved roads. The base-over-subgrade sections were constructed as unstabilized, T1 geogrid-stabilized, and T2 geogrid-stabilized base courses of 15% California bearing ratio (CBR) with thicknesses of 0.23 m and 0.30 m over weak subgrade of 2% CBR. The subgrade-only sections were constructed with CBR values of 6.2%, 7.4%, 9.5%, and 11.0%. The intensities of the cyclic loads were increased from 5 kN to 65 kN, at increments of 5 kN. For each load intensity, 100 cycles were applied on one test section. The EALFs were analyzed in terms of permanent deformation. The results showed that the regression powers of the ratios of axle loads for unpaved roads with aggregate bases over weak subgrade ranged from 1.9 to 2.9, which were lower than a power of 4, the typical value used for paved roads. The powers for subgrade-only sections had an even wider range, from 1.1 to 3.4. The increase of base thickness, the presence of geogrid, and the use of a higher-grade geogrid increased the power.
In pavement design, traffic loading is the most important and complex parameter because of the variety of the loading magnitude, configuration, and number of load repetitions (1, 2). There are two major procedures for considering traffic loading in pavement design. In the 1993 edition of AASHTO's Guide for Design of Pavement Structures, traffic loads with different load magnitudes or configurations are converted to equivalent numbers of a standard axle load, usually the 18-kip (80-kN) single-axle load, in terms of the destructive effect of the load, that is, equivalent axle load factor (EALF) (3). In the Mechanistic-Empirical Pavement Design Guide (MEPDG) (4), the traffic load is considered individually by inputting the axle load spectra, so there is no need to assign an equivalent factor for each axle load (5 Dawson showed that the value of the power was material specific and increased with the increase of subgrade moisture content (8) . Additionally, Dawson pointed out that the existence of a threshold stress above which large deformations developed rapidly made it difficult to establish a fixed load-equivalency relationship. Buhari and Puteh noted that the power n in Equation 4 was dependent on several factors, including vehicle speed, axle type, load configuration, and damage mechanism (9). Lin et al. conducted load tests on one newly constructed freeway, and their results indicated that the AASHTO method yielded reliable predictions of EALF (10) . Alabaster et al. showed that the damages during the initial shakedown period and after the initial shakedown period did not accumulate at the same rate, and they suggested the potential use of two equivalent single-axle load equations with different exponents (11) . Yeo reported similar findings in which the power law exponents during the second stage of rutting were between 2.0 to 4.4 (12) .
As the previous discussion indicates, the load equivalency for flexible pavements has been studied for decades. Tingle and Jersey note, however, that the majority of the world's roads are unpaved and for those roads, the EALF not yet well understood (13) . Hence, it is important to study the load equivalency for unpaved roads. In real design, as shown in Equation 4 , the EALF for a certain axle load (L j ) can be calculated if the power n is available and N fj can be converted subsequently to N fs , a significant parameter in pavement design, with the computed EALF. Investigating the power n in order to obtain the EALF for unpaved roads is therefore necessary.
In this study, ten cyclic plate load tests with increasing magnitudes of loads were conducted on unpaved test sections to backcalculate the powers n in Equation 4 with respect to the performance criterion of the permanent strain. In the ten test sections, six test sections were constructed as base courses over weak subgrade and four test sections were constructed only with subgrade material at different CBRs. The surface permanent deformations and subgrade permanent deformations were monitored by displacement transducers. The effects of the base course thickness, the stabilized condition by geogrid, and the subgrade CBR on the backcalculated n were investigated.
TesT MaTerials Base Course
Well-graded AB-3 aggregate, commonly used for low-volume roads in Kansas, was chosen as the study's base course material. Compaction tests were conducted to obtain the dry densities of the samples corresponding to different moisture contents and to determine the optimum moisture content with the modified Proctor compaction method (ASTM D1557). The CBR test was conducted on each sample obtained in the compaction test (ASTM D1883). The compaction and CBR curves of this material are shown in Figure 1 . The average CBR value of the base material in the test sections was controlled at approximately 15% by compacting the material at a moisture content of 7.3%. As pointed out by Dell'Acqua et al., the use of low-bearing materials, such as clay and silt, and local resources is an important way to simplify and economize road construction (16) . In this study, an artificial soil obtained by mixing 75% Kansas River sand and 25% kaolin with water by weight served as the subgrade material. Figure 2 shows the compaction and CBR curves, which were obtained with the standard Proctor compaction method (ASTM D1557). In the test sections of base courses over weak subgrade, the subgrade material was compacted at a moisture content of 10.8% to achieve a CBR of approximately 2%. In the test sections of subgrade, the moisture content of the material was adjusted to achieve CBR values ranging from approximately 5% to 10%.
Geogrid
Two types of triaxial geogrid were used in this study: a light-grade duty (T1) and a heavy-grade duty (T2). The properties of the geogrid are shown in Table 1 . 
TesT seTup
Ten cyclic plate load tests were conducted in a geotechnical box (2 m × 2.2 m × 2 m) at the University of Kansas. Six tests were conducted on unstabilized and geogrid-stabilized (i.e., T1 and T2) base courses (0.23 m thick and 0.30 m thick) over weak subgrade, and four tests were performed on 1-m-thick subgrade at different CBRs. The geogrid, if used, was placed at the interface of the base course and the subgrade. The test setup of this study is shown in Figure 3 . The surface deformations were measured by displacement transducers set at the center of the loading plate. The subgrade deformation was monitored by a telltale device (connected to a displacement transducer) seated at the top of the subgrade, as shown in Figure 3 .
The intensities of the loads applied on a steel loading plate of 0.30 m in diameter were increased from 5 kN to 65 kN, with each load increment at 5 kN, as shown in Figure 4 . One hundred loading cycles were applied on a test section at each loading stage; the testing would stop, however, if the accumulated permanent deformation reached 80 mm. By gradually increasing the load magnitude, aggregate was further compacted without exhibiting shakedown behavior.
TesT resulTs and disCussions dynamic Cone penetration Tests
Dynamic cone penetration tests were performed at four locations in each test section of this study. Figure 5 shows the results of the average dynamic cone penetration index (DCPI, in millimeters). The CBR value at each location was calculated by Equation 5 (17), and the test results are summarized in Table 2 .
1.12
permanent deformations
As mentioned previously, the permanent deformation on the top of the subgrade was selected as one failure criterion for paved roads. In this study, both the surface permanent deformation and the subgrade permanent deformation were chosen as the performance criteria.
The permanent deformations of all the test sections were monitored by displacement transducers, and the initial value of the permanent deformation was set to zero at the beginning of each loading stage. The criteria of permanent deformations were set as 4 mm, 6 mm, 8 mm, and 10 mm to consider the destructive effect of each load intensity. For the test sections with a base course, the numbers of loading cycles applied under each load intensity to induce the surface and subgrade permanent deformations up to the permanent deformation criteria are summarized in Tables 3 and 4 . For the test sections of subgrade at different CBR values, the numbers of loading cycles applied under each load intensity to reach the same permanent deformation criteria are provided in Table 5 .
With the same permanent deformation, the number of loading cycles decreased with the increase of the load intensities, as shown in Tables 3, 4 , and 5. This result indicated that the destructive effects of loads were enhanced. The presence of the geogrid and the increase of the base course thickness increased the number of loading cycles in terms of the same surface and subgrade permanent deformations. Table 5 shows similar results with the increase of the CBR value of the subgrade material. Figure 6 , the data are divided into two groups on the basis of base course thickness. The regressed n value for the test section with a 0.23-m-thick base course is 2.01, and for the test section with a 0.30-m-thick base course, the regressed n value is 2.88. These results indicate that the increase of the base thickness increases the power n. The overall value of the regressed power n is 2.28. In Figure 7 , the data points are grouped into three categories: unstabilized, T1 geogrid-stabilized, and T2 geogrid-stabilized. The NA  NA  NA  62  39  27  19  NA  8  NA  NA  NA  NA  80  54  36  25  NA  10  NA  NA  NA  NA  NA  80  46  33  NA  T1 geogrid  4  NA  NA  NA  81  48  30  21  15  NA  6  NA  NA  NA  NA  81  47  33  24  NA  8  NA  NA  NA  NA  NA  65  45  31  NA  10  NA  NA  NA  NA  NA  90  58  39  NA  T2 geogrid  4  NA  NA  NA  92  65  34  28  21  15  6  NA  NA  NA  NA  NA  66  44  32  21  8  NA  NA  NA  NA  NA  95  65  44  30  10  NA  NA  NA  NA  NA  NA  88  56  38 Note: NA = not available. a Data obtained by the fitting curve. regressed powers n for the three groups are 1.94, 2.42, and 2.53, respectively. These results indicate that the presence of the geogrid and the use of the higher-grade geogrid increase the power n. Figures 8 and 9 show the EALF versus L j /80 for the test sections with base courses over weak subgrade in terms of the subgrade permanent deformation. Similar trends of the regressed power n are presented in Figures 8 and 9 as compared with those in Figures 6 and 7 , but the values of the power in terms of the subgrade permanent deformation are larger than those in terms of the surface permanent deformation. Figure 10 shows the EALF versus L j /80 for the test sections of subgrade at different CBRs. With the increase of the subgrade CBR from 6.2% to 11.0%, the regressed power n increases from 1.12 to 3.44. The correlation between the regressed power n versus the CBR of the subgrade material can be expressed as Equation 6.
For the unpaved roads with or without a base course, the power n is generally lower than 4 (a typical value used for design of flexible pavements). The base thickness, the reinforcement type, and the CBR of the material influence the power n. As noted in the study by Deacon et al. (1) , the increase of the surface modulus increases the power n. For the test sections of subgrade at different CBRs, the increase of the CBR means the increase of the surface modulus. Moreover, the increase of the base course thickness, the presence of the geogrid, and the use of the higher-grade geogrid can increase the equivalent modulus of the base course as well. The trend of the regressed power n in this study is therefore reasonable.
ConClusions
This study adopted a load increment approach to increase the load. At each increment of loading, a fixed number of cycles was used. The EALFs were calculated on the basis of loads at different magnitudes and generated the same permanent deformations of 4 to 10 mm. With the calculated EALFs, the powers n of EALFs for subgrade-only, unstabilized, and geogrid-stabilized bases over weak subgrade were determined. These powers may vary if actual conditions are different from those used in this study. The following conclusions from this study can be made:
1. The powers n of EALFs for the unpaved roads at different permanent deformations were lower than 4 (the typical value used for flexible pavements).
2. The powers n of EALFs for the base courses (15% CBR) of different thickness over weak subgrade (2% CBR) with or without geogrid stabilization based on the surface permanent deformations ranged from 1.9 to 2.9. The increase of base thickness, the presence of the geogrid, and the use of the higher-grade geogrid increased the power n.
3. The powers n of EALFs for the base courses over weak subgrade based on the subgrade permanent deformations were higher than those based on the surface permanent deformations.
4. The powers n of EALFs for the subgrade-only sections with the CBR values from 6.2% to 11.0% ranged from 1.1 to 3.4. The power n depended on the CBR value of the subgrade. The subgrade with a higher CBR value had a larger n value.
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